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EXECUTIVE SUMMARY

Existing European data sources on acceleration experience in commercial

aircraft were acquired and combined into one data base. The acceleration

peak/valley data were reduced to discrete gust velocities and related gust

velocities. The data were further analysed to yield gust intensity

parameters. The present report gives an overview of the different data

sources and the format in which they were made available. The data reduction

procedures are described and the results are presented both in tabular and

graphical format. The resulting gust statistics are compared with existing

models.
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1. INTRODUCTION.

The Federal Aviation Administration (FAA) and the Netherlands Civil Aviation

Department (RLD) have signed a Memorandum of agreement (MOA) in the area of

aircraft structural integrity with specific reference to aging aircraft. As

part of this MOA, the National Aerospace Laboratory (NLR) was contracted to

participate in the Flight Loads Program that has been defined and is carried

out by the FAA. The main task of NLR in this program was defined as follows:

− Identification and acquisition of existing European Flight Load Data

Sources.

− Definition of a unified procedure to reduce acquired acceleration data

toward gust statistics.

− Reduction of the acquired data and reporting of the results.

Three following data bases containing information about center of gravity

(c.g.) vertical acceleration experience of commercial transport aircraft were

identified and acquired for analysis:

− A very large data base containing data on c.g. acceleration peaks and

valleys with |∆nz|=>0.5 pertaining to 838,657 flights made by different

aircraft operated by British Airways. This data base was kept at

office National d’etudes et de recherches aerospatiales (ONERA) and was

acquired from that institute for the present investigation. This data

base will be further indicated as ONERA data base.

− A data base kept at NLR containing detailed information about the

aircraft flight profiles and acceleration peaks |∆nz|=>0.18, referring to

24,358 flights made by Boeing B-747 aircraft operated by KLM, SAS and

Swissair. The data were extracted from the Aircraft Condition

Monitoring System (ACMS) data, and this data source will be further

indicated as ACMS data base.

− A data base collected by several years ago by the Royal Aircraft

Establishment (RAE), containing Fatiguemeter data in a wide variety of

mainly piston-engined aircraft. This data base which includes 10,697

flights will be further indicated as Fatiguemeter data base.
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In reference 1, a unified procedure to reduce these c.g. acceleration data

towards gust statistics was defined. This procedure includes two methods:

(a) reduction using a "discrete gust approach" and (b) reduction on the basis

of a "continuous" or PSD-gust approach. The discrete approach makes use of

the well-known "Pratt formula" to reduce ∆nz values to "derived gust

velocities" Ude. It may be recalled that the Pratt formula is based on the

assumption of a discrete gust with (1-cos) shape and a length of 25 wing

chords and an aircraft that is infinitely stiff and responding only in plunge

(no pitch). The "PSD" approach reduces recorded ∆nz peaks/valleys to Uσ

values. The method is based on a continuous-gust concept and a simplified

expression for the aircraft response including both pitch and plunge as

proposed by Dr. Houbolt (see reference 2). Also, the so-called N(O) effect

is taken into account.

The present report starts with an overview and description of the three

different data bases. Chapter 3 describes the reduction of the data and

presents the results obtained for the three different data sets. In chapter

4, the three sets are compared and where applicable the data are merged to

obtain one overall statistical base for Ude and Uσ respectively. Also, from

the Uσ-exceedance curves obtained for the various altitude bands "best fit"

Pl,P2 and bl,b2, values pertaining to the well-known PSD-turbulence intensity

model are derived. Chapter 5 is devoted to an overall discussion of the

results obtained and a comparison with existing gust statistics. The report

ends with conclusions and recommendations.

2. REVIEW OF DATA BASES.

2.1 ONERA DATA BASE.

This data base contains information about all c.g. acceleration peaks/valleys

larger than |∆nz|=0.5 that occurred in a batch of 838,657 flights. These data

were gathered by British Airways over a period of 10 years during normal

operation of a variety of aircraft types and with the collaboration of the

British Civil Aviation Authority (CAA), made available to the ONERA for

statistical analysis. Table 1 provides a general overview of the flights

contained in the data base. This data base was provided by ONERA to the NLR

for the present study on magnetic tape in a format as shown in table 2. Each

line in this table, to be called "Record", refers to one specific peak or

valley in the data base. In the context of the present study, it is useful

to note that for each peak/valley, apart from the ∆nz value, the aircraft
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mass, speed, altitude and CLα-value, at the instant of the peak occurrence,

are provided. The peaks and valleys included in the data base were

recognized using the so-called peak-between-means criterion, which states

that between two crossings of the (nz=1)—level only one peak or one valley can

be classified.

Table 2 includes a column "idur", described as "duration of acceleration

peak". This duration is actually the duration of the turbulence patch in

which the particular peak/valley occurred (i.e., duration of the period in

which accelerations in excess of |∆nz|=0.4 were observed). As shown in table

2, these patches may last from a few seconds to several minutes. If more

than one peak/valley were classified during one patch, the data base

presented the additional aircraft data for the first peak only. The same

additional aircraft values apply to the following peaks in the turbulence

patch and are defined as zero in the data base (table 2).

The data received from ONERA were first subjected to a quality check, with

specific reference to the presence of highly improbable data or missing data.

From the total number of 10,648 records pertaining to peaks/valleys larger

than |∆nz|>0.5, sixty-six had to be rejected. For forty-nine of these, data

for either mass m, speed V, altitude h, CLα or ∆nz were missing and for the

remaining seventeen, either unrealistically high or low values for CLα or V

were recorded.

Table 3 presents a complete overview of all acceleration peaks/valleys in the

data base as a function of altitude range.1) The load factor exceedance curve

per flight is presented in figure 1.

During the last two years of data accumulation for the Boeing B-747, positive

load factor peaks between ∆nz=0.3 and 0.5 were also accumulated. Because

these additional data were available for a limited number of flights and only

for positive peaks, they were unsuitable for the data analysis performed in

the present study and hence deleted from the data base. For completeness,

the acceleration data including the above mentioned peaks between ∆nz=0.3 and

∆nz=0.5 referring two years of B-747 measurements are provided in table 4. The

associated load factor exceedance curve is depicted in figure 2.

1) The altitude bands defined for the present study are given in appendix A
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2.2 THE ACMS DATA BASE.

During a period of about ten years, service load data had been retrieved from

ACMS recordings made in Boeing B-747 aircraft operated by the KSSU group

(KIM, Swissair and SAS). These data were stored at NLR in the so-called ACMS

Fatigue data base. A full description of this data base and the procedures

followed for its creation has been presented in reference 4. The following

is a brief description of the ACMS data base structure.

The ACMS data base contains data that are relevant with regard to aircraft

usage and aircraft load experience. The data are stored on a flight-by-

flight basis and include:

− General flight data: Date, departure and arrival airport, type of

flight, take off weight are kept.

− Mission profile data: Each flight is divided into a number of

successive flight segments. For each flight segment the following data

are kept: Time, speed, altitude, Mach number, and aircraft weight at

the beginning of the segment.

− Acceleration peak data: The c.g. acceleration trace included in the

original ACMS data has been searched for peaks and valleys; whereby a

range-filter of dn=0.18 was maintained (recognized successive peaks and

valleys differ at least 0.18g). The values of the successive peaks and

valleys are stored in the data base, together with the following

information:

• Time at occurrence of peak/valley.

• Flap position.

• Bank angle (for a limited number of recorded flights only).

In the context of the present study, it is interesting to note that from the

data stored, the weight, speed, and altitude at the instant of a peak/valley

occurrence can be determined by interpolation from the mission profile data.

Also, it is useful to note that the mission profile data contained sufficient

information to calculate total time and distance flown within different

altitude bands.
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Table 5 provides an overview of the flights contained in the ACMS data base,

including a distribution of flight durations. Note that the ACMS data base

includes 24,358 flights and a total number of 121,894 flight hours (airborne

time).

Table 6 presents a distribution of time spent and distance flown within the

different altitude bands. For the present study, the acceleration

peaks/valleys contained in the original ACMS data base were first "filtered"

according to the "peak-between-means" criterion. The resulting data base

appeared to contain a number of improbably high positive acceleration peaks,

sometimes with a value ∆nz well above ∆nz=1.00. These high peaks were further

analyzed; whereby the required CL to obtain the recorded ∆nz-value was

determined and the peak/valleys occurring at about the same time in that

flight were reviewed. Acceleration peaks above |∆nz|=1.1 occurring in

isolation (evidently not within a batch of heavy turbulence) sometimes

requiring CL-values well above CLmax, were either considered max as "spikes" or

as isolated maneuvers and deleted. Consequently twenty acceleration peaks

were removed from the data base.

Table 7 gives an overview of the remaining peaks/valleys as a function of

altitude band. The c.g. acceleration peak/valley exceedance curve per flight

is presented in figure 3.

2.3 FATIGUEMETER DATA BASE.

During the fifties and early sixties, the United Kingdom collected a

considerable amount of counting accelerometer data from a large number of

different aircraft types. The data consisted of acceleration counter

readings with speed and altitude, read out every ten minutes during flight.

The Royal Aircraft Establishment (RAE) operated and maintained this specific

data base. This data base was put on magnetic tape and was made available to

all nations participating in a Working Group on Environmental Statistical

Data of the Advisory Group for Aerospace Research and Development (AGARD)

Structures and Materials Panel. Reference 5 presents an overview and

analysis of these data. Unfortunately, the original data base was no longer

available at RAE, but the magnetic tapes with the data that had been acquired

by the Netherlands as a participant of the AGARD working group was available

at NLR and the data was still reasonably readable. The data presented and

analyzed in the present study have been obtained from these tapes.
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Table 8 provides a general overview of the aircraft types involved and the

number of flight hours and distances covered. Compared to the ONERA and ACMS

bases, the Fatiguemeter data base is obviously relatively small. However,

many of the data refer to piston-engined aircraft, some of them cruising at

relatively very low altitude. The dearth of low altitude turbulence data was

considered sufficient reason to include these data in the present study.

The format in which the data were grouped and presented on the magnetic tape

is as follows:

− Data were presented separately for each aircraft type included.

− Data per aircraft started with a header file providing the aircraft

type, the total flight time, distance flown, and data collection

period.

− A number of "classes" pertaining to the specific aircraft were defined

for the following variables:

• Airspeed, altitude, weight, and flight condition.

• Acceleration.

Table 9 gives as an example the header and class definition for the

Boeing B-707.

- The acceleration data were grouped in separate "records", each record

referring to one combination of weight, altitude, and speed.

Information in each record includes:

• Time spent and distance covered.

• Number of acceleration level crossings within each defined

acceleration class.

Reference I describes the operation of the "Fatiguemeters" that were used to

obtain the counting accelerometer data. In addition, the method used in the

present study to "translate" the acceleration level crossings into

acceleration peaks and valleys is described in reference 1. Table 10

summarizes the conversion from level crossings to peaks/valleys. The

Fatiguemeter data were grouped in altitude bands that differed from aircraft

to aircraft and did not correspond with the altitude bands maintained in this
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study. Conversion of the Fatiguemeter data to the present altitude band was

carried out by linear interpolation. Table 11 gives an overview of all

peaks/valleys pertaining to the Fatiguemeter data base. The Fatiguemeter

data base did not contain information about the number of flights. However,

using the route lengths for the various aircraft types given in reference 5,

table CT1, and the distances flown in tables CT2 up to CT29, average numbers

of flights were estimated. The resulting peak/valley exceedance curve per

flight is presented in figure 4.

Acceleration data are presented per "record"; thus, each record refers to one

specific aircraft type and one mass/altitude/speed bracket. The

accelerations can then be reduced to "gust velocities" using the average

mass, altitude, and speed pertaining to the particular bracket. However,

looking at table 9, which is typical for all aircraft included in the

Fatiguemeter data base, the brackets for mass, speed, and altitude are fairly

wide; consequently, the accuracy of derived gust velocities is limited and

considerably less that either the ONEPA or ACMS data bases.

2.4 DATA BASE COMPATIBILITY.

The three data bases described in the previous sections were obtained using

different techniques, over different periods, and largely from very different

aircraft. In order to combine the gust statistics derived from these data

bases into one gust data base, it was felt useful to perform an elementary

check on the overall compatibility of the acceleration data. It is generally

accepted that load factor spectra per flight for transport aircraft tend to

show considerable resemblance, independent of flight duration and aircraft

type (see reference 6). Figure 5 shows load spectra per flight pertaining to

the three different data bases. The spectra for the ACMS data and the ONERA

data show a remarkably good agreement, but the spectrum derived from the

Fatiguemeter data is about an order of magnitude more severe. The ONERA base

includes different aircraft types; whereas the ACMS base includes only B-747

aircraft. If one compares the ACMS spectrum with the ONERA spectrum for to

B-747s only, the agreement is even slightly better, see figure 6. From

figure 6, the load factor spectrum per flight for the B-747 is approximately

the same as the average load spectrum per flight for all aircraft included in

the ONERA data base. With regard to the Fatiguemeter data, one must consider

that these data were obtained in a much earlier period when weather

predictions were less accurate, resulting in more frequent turbulence
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encounters and consequently more severe load spectra. More important,

however, is that the Fatiguemeters were largely installed on piston-engined

aircraft which cruise at lower altitude where more turbulence is encountered.

Table 12 shows the distribution of flight distances over the different

altitude bands for the three data sets, indicating that more than fifty

percent of the Fatiguemeter data were collected at altitudes between 4,500

and 19,500 ft compared to approximately ten percent and four percent for the

other two data sets. Table 13 gives the exceedance frequencies per flight

for ∆nz=0.3 and ∆nz=0.6 for the different aircraft of the Fatiguemeter data

base as well as for ONERA and ACMS data as a whole. The batches per aircraft

type in the Fatiguemeter data base are pretty small, so one must be careful

in drawing conclusions from such limited information. Note, however, that

the figures for the Boeing B-707, which is the only aircraft comparable with

types included in the ONERA and ACMS base with regard to wing load and

cruising altitude are comparable with ONERA and ACMS values. The high load

factor experience of the Comet 1 as indicated in table 13 is perhaps somewhat

surprising but it must be realized that the Comet 1, although a "pure jet",

had a relatively low wing loading (see table 14) with associated relatively

high gust sensitivity. Finally, note that the Bristol Freighter is a major

contributor to the overall exceedance figures of the Fatiguemeter data base.

The high load factor experience of this low wing load transport aircraft with

very short "hops", e.g. over the English Channel, is not surprising. In

summary, one may conclude that the ACMS data and ONERA data appear very

compatible. The Fatiguemeter data obviously pertain to a different era and a

different generation of aircraft. The comparisons made above, however, give

no reason to doubt the validity of these Fatiguemeter data.

3. REDUCTION OF ACCELERATION DATA.

As explained in the previous chapter, the three data bases consist

essentially of a collection of acceleration peaks and valleys. Apart from

the type of aircraft, for each acceleration peak or valley, the speed;

altitude; and aircraft mass at the instant of acceleration peak occurrence

are available (can be derived from available data) with a degree of accuracy

that depends on the data base and is smallest for the Fatiguemeter data. The

procedures to reduce these acceleration peak data to derived gust velocities

Ude and Uσ have been established in full detail in reference 1. The essential

elements of the reduction procedure may be summarized as follows:
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Ude: Reduction on the basis of a "discrete" gust concept. Ude is calculated

with the well known Pratt formula. This implies that a [1-cos]-shaped

gust with 25 chords length and an aircraft response in heave only is

assumed. Each ∆nz-peak/valley results in one discrete gust with speed

Ude.

Uσ: Reduction on the basis of a "continuous" gust concept. Uσ is calculated

using a simplified formula derived by John Houbolt and presented in

reference 2. The formula is based on a PSD gust model with "von

Karman" spectrum, and aircraft response in pitch and heave. Variation

of N(O) as a function of aircraft response properties is accounted for

by reducing each acceleration peak to N(O)ref/N(O) "gusts". Again, for

N(O) an expression is used which was derived by John Houbolt.

The equations used in the reduction procedure are summarized in appendix A.

Grouping the derived gust velocities according to altitude results in overall

gust exceedance data for each altitude band in each data base. In order to

reduce these overall exceedance data to exceedance figures "per unit

distance", these figures must be divided by the total distance flown in each

altitude band for all flights contained in the specific data base. In the

following subchapters, the reduction performed for each of the three

different bases will be reviewed, specific problems encountered are

discussed, and the results obtained will be presented.

3.1 ONERA DATA BASE.

Table 14 presents the geometric data for the aircraft models included in the

ONERA data base. This data, together with the data in each peak/valley

record on instantaneous mass, altitude, speed, and CLα are sufficient to allow

reduction of each acceleration peak/valley to gust velocities Ude and Uσ. The

resulting "overall" gust exceedance data are presented in the tables 15 and

16. The ONERA data base does not include direct information about the

distances flown within the various altitude bands but only presents total

number of flight hours and total "block" time per aircraft type. Reference 7

contains information provided by British Airways about the average time per

flight spent in taxi, takeoff, and roll out. Using this information, average

airborne flight durations for each aircraft were estimated, see table 17.

From the peak/valley data records, average speeds for each aircraft type

within each altitude band were calculated. Using this data, estimating climb
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and descent speeds and using the limited mission profile information from

reference 7, mean flight profiles were estimated. The result is presented in

table 18. Using data from this table along with the total number of flights

per aircraft type, the total distance flown in each altitude band can be

estimated. The, result is presented in table 12. Using these figures, the

"overall" exceedance data can be converted to "exceedances per Kilometer" for

each altitude band. Ude values for four altitude bands are presented in

figure 7. The "lower boundary" |∆nz|=0.5 corresponds with different Ude values,

depending on aircraft weight, speed, etc., but below values of approximately

|Ude|=7 m/s the curves drop off, indicating that below that Ude value the curves

have no statistical significance. Note that for all altitudes, except for

the very low altitude bands, the curves are remarkably symmetrical,

indicating that the original ∆nz data contained little contributions due from

maneuvers. As expected, the frequency of exceedance of the same gust

velocity decreases with increasing altitude. This is also illustrated in

figure 8, where the exceedance frequency of specific gust velocities as a

function of altitude are presented. At very low altitude the exceedance

frequency drops off again. However, as will be discussed in the next

chapter, the ONERA data in the altitude range below 4,500 feet appears

improbably light compared to the other two data sources. The Uσ data show the

same trend and is not presented here. The lower boundary for valid Uσ data is

in the order of |Uσ|=11 m/s for lower altitudes and 8 m/s for high altitudes.

3.2 ACMS DATA BASE.

For each acceleration peak/valley and instantaneous mass, speed and altitude

are contained in the data base. Geometric data of the B-747 aircraft

involved are presented in table 14. The CLα-values has been calculated using

the equations presented in reference 8 and reproduced in appendix B. The

"overall" exceedance data per altitude band for Ude and Uσ are included in the

tables 19 and 20 respectively. The ACMS data base includes complete

information about the distances flown in each altitude band, see table 6.

Hence, "overall" exceedance data can be directly converted to "exceedings per

kilometer". Results for Ude for the four different altitude bands are

presented in figure 9. Note that because of the much lower "boundary value"

|∆nz|=0.18 compared to the ONERA data, the lower bound for significant Ude

values is considerably lower, i.e., 3 m/s for Ude and 5m/s for Uσ. On the

other hand, due to the much smaller batch size the upper boundary for

significant Ude data is about 10 m/s.
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3.3 FATIGUEMETER DATA BASE.

As explained in chapter 2, the acceleration peaks/valleys are available per

mass/speed/altitude bracket for each aircraft. The geometric data of the

different aircraft are given in table 14. CLα values for the aircraft in the

Fatiguemeter data base were not available and have been approximated

according to:

CLα = 1.15 * 6A/(A + 2)

where A is the aspect ratio. The derived "overall" exceedance data per

altitude band for Ude and Uσ are presented in the tables 21 and 22

respectively. Each "record" in the Fatiguemeter data base contains the

distance covered for one aircraft and one speed/mass/altitude bracket.

Summation over all aircraft and all mass and speed brackets gives the total

distance within each altitude bracket. Conversion of these data "per

Fatiguemeter Altitude Bracket" towards the altitude bands maintained in the

present study were performed by linear interpolation. The result is included

in table 12. Exceedance curves for Ude pertaining to four altitude bands have

been plotted in figure 10. The "lower boundary" for valid Ude values is in

the order of 2 m/s, hence slightly lower than for the ACMS data, but due to

the relatively very small batch size, the "upper boundary" for valid Ude

values is limited in the higher altitude bands to about 6 or 7 m/s.

In general, the Ude exceedance values derived from the Fatiguemeter data are

considerably higher than those pertaining to the ACMS data. Figure 11 shows

that exceedance frequencies for the same Ude are about 10 times higher for the

Fatiguemeter data than for the ACMS data.

4. DEVELOPMENT OF STATISTICAL GUST MODELS.

The previous chapter described the reduction of the c.g. acceleration data to

"gust" data for the three different data bases. The ONERA data refer to a

very large number of flights and very many kilometers travelled, but that,

because of the restriction to |∆nz|>0.5, the derived gust data of relevance are

restricted to gust velocities in the order of |Ude|>7 m/s or |Uσ|>8-11 m/s. The

ACMS data give valid data for much lower |Ude| values, 3m/s, (Uσ>5 m/s), but due

to the much smaller batch size, the statistical relevance of the ACMS data is

restricted to Ude values below 10 m/s (Uσ< 13 m/s).
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The main objective of the present study is to combine the data of the

different data sets into one unified "Discrete Gust Statistical Model" and to

redetermine P1,P2 and b1,b2 values related to the PSD-gust model. The

procedure followed in the present study for merging the respective data sets

will be generally described for the case of the Ude statistics.

For each altitude band, the Ude exeedance data on a "per kilometer" basis

pertaining to the three data bases are plotted in one figure. A typical

example, relating to the altitude band from 34,500 to 39,500 feet, is shown

in figure 12. The first observation to be made from these plots was that for

all altitudes except the very lowest altitude bands the exceedance

frequencies for the Fatiguemeter data were nearly an order higher than the

figures from the ONERA and ACMS data. This fact was already documented in

figure 11 where exceedance frequencies of two gust velocities pertaining to

the ACMS data and the Fatiguemeter data respectively are plotted. A probable

cause for this difference is the fact that the Fatiguemeter data come from

considerably different aircraft operated in a different era when weather

predictions and thus the means to avoid turbulence were considerably less

effective. Since we are primarily interested in gust statistics that are

relevant for current and future operations, and considering that the

Fatiguemeter database is relatively small and has limited accuracy, it was

decided not to include the Fatiguemeter data in the "combined" data set,

except for the lowest altitude band. Returning to figure 12, one may observe

that the curves pertaining to the ONERA and ACMS data can be fitted

relatively easily into one smooth curve for both the upward and downward

gusts. This was the case for most altitude bands except for a few cases like

the one shown in figure 13 where, although the slope of the ACMS data and

ONERA data were in good accordance, the curves did not line up. For the

ONERA data the number of kilometers in each altitude band were derived on the

basis of estimated mission profiles; hence, these figures may be somewhat

inaccurate. On the basis of this consideration it was decided to obtain a

smooth curve by a small shift of the ONERA curve towards the right. This

means that it is assumed that the actual number of kilometers flown in the

considered altitude band is less than originally estimated. For the lowest

altitude band, the ONERA data appears improbably low and rather inconclusive,

see figure 14. The reason for this apparent lack of representativeness could

not be traced back but may have been related to some unknown restriction on

data recording, e.g., in flap-out conditions. To maintain a certain amount

of conservatism, it was decided to generate the "combined" data set for the
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lowest altitude band from a combination of the ACMS data and the Fatiguemeter

data. From the smoothed "combined" exceedance curves for both upward and

downward gusts, "onesided" exceedance curves were derived by taking the

geometric mean of the exceedance frequencies of the positive and negative

gust velocities:

( ) ({ })−∗+= dedede UUNUN

The resulting curves are plotted in the figures 15a and 15b and are presented

in tabular form on table 23. The same procedure as described above with

regard to Ude was used to obtain "combined" and one-sided exceedance curves

for Uσ. The |Uσ| curves obtained were used to estimate P1,P2 and bl,b2 values to

be applied in the PSD-gust model. The method used is illustrated in figure

16 and may be described as finding the -"best fit" approximation of the |Uσ|
curve by the sum of two straight lines in a semi-logarithmic grid. The

resulting figures have been presented in tabular form on table 24. Note that

P2 and b2 values could not be determined for the lowest altitude band (below

1,500 ft) and the highest altitude band (above 39,500 ft). Note: The

parameter values P1,P2 and bl,b2 define an Uσ exceedance curve of the form:

{ }21 /b-U
2

./b-U
1 ePeP(0)N)U(N σσ ∗+∗∗=σ (4.1)

Figure 17 shows, as an example, for the altitude band between 24,500 and

29,500 feet, the "original" combined Uσ exceedance curve and the "fitted"

curve according to the above expression, illustrating the "goodness of fit"

obtained. Uσ curves calculated from equation 4.1 for the various altitude

bands are presented in figures 18 and 19. The associated Uσ exceedance values

are presented in table 25. Note that the |Uσ| statistics presented refer to a

reference N(O) value equal to

x(0)NN(0)

.46

0

ref0ref 







ρ
ρ= and km8(0)N -1

ref0 =

5. DISCUSSION.

In this report, an attempt has been made to establish improved Ude exceedance

data and improved values for the PSD related parameters Pl,P2 and b1,b2 on the

basis of VGH type data available from European data sources. The improvement

13



in comparison with existing descriptions is expected to be due to (a) the

size of the available data batch, (b) the quality and resolution of the data,

(c) the analysis techniques applied and, (d) the time period of the data

recordings. The size of the present data batch, 1.6 billion kilometers and 2

million flight hours, is really impressive compared data available from other

sources. For example, according to reference 9 the total sample size of data

collected by NACA/NASA between 1947 and 1965 amounted to 42,000 hours VGH

data and 507,000 hours of VG data. The data presented in the Engineering

Science Data Unit (ESDU) sheets, reference 10, are based on 12 million kms in

"cruise" and 4 million kms in "climb and descent". At an average air speed

of 500 km/hour, about 32,000 flight hours were collected. In 1971, a

relatively large data base (including the Fatiguemeter data covered in the

present study) of about 152,000 flight hours was made available through an

AGARD effort. These data were only reduced for PSD statistics and presented

"per aircraft" only, see reference 11. With regard to the quality and

resolution of the present data, there is no doubt that both the ACMS data as

well as ONERA data were obtained with higher resolution and, for various

parameters like weight, with a higher accuracy than other previous data bases

investigated. With regard to the analysis technique applied, it is felt that

specifically the reduction formula used for deriving Uσ values is an

improvement compared to previous derivations whereby an Ā value was

calculated assuming heave response freedom only. See reference 12. Finally,

note that the present data largely refer to relatively recent operations with

many aircraft models still in service. It has been observed already that

because of less effective turbulence avoidance possibilities, older data tend

to reflect a more severe turbulence environment than more recently collected

aircraft operation data.

It is interesting to compare the presently derived gust statistics with older

descriptions. Figure 20 compares exceedance frequencies of specific Ude gust

velocities as a function of altitude from NACA TN4332, reference 12,

resulting from the present analysis. For the lowest altitude band the

current results are more severe, especially for higher gust velocities. The

difference gets rapidly smaller with increasing altitude and at higher

altitude the present data have a considerably lower exceedance frequency.

Figures 21 and 22 show a comparison of P-values and b-values for the PSD

model as derived in the present study and as described in the Airworthiness

Requirements FAR25 and Appendix G (also- ACJ25.305) respectively. (For

convenience, b-values presented in figure 22 are given as "TAS" values.) It

is noted that the presently derived P-values are generally lower for all

14



altitudes. For altitudes above 10,000 feet, the "non-storm" component P1 is

about ten times lower and the "storm" component P2 from two to six times

lower. The intensity parameter for "non-storm" conditions, b1, on the other

hand, is approximately 1.5 times larger, while b2 is about 10 percent lower

than given in FAR25. In summary, the present data indicate that light

turbulence is encountered considerably less frequently but that the intensity

of such turbulence tends to be somewhat higher. Severe turbulence is

encountered less frequently, and has a lower intensity than according to

FAR25.

Despite the large size of the present data set, it should be noted that the

information obtained has its limitations. For example, data for altitudes

above 39,500 feet are scarce and probably unreliable. It should be realized

that the data for these high altitude are severely biased; for most aircraft

40,000 feet is close to their ceiling, especially in heavy aircraft

configuration. To avoid stall problems, aircraft flying very high reduce

altitude when turbulence is expected, and hence recordings show little

turbulence at these high altitudes. Also, data for the lowest altitude range

in the present data set may contain a considerable amount of low altitude

maneuvers which could not be identified and removed prior to the gust

analysis.

Finally, it must be realized that the method followed to derive the PSD-gust

intensity parameters Pl,P2 and bl,b2 from the Uσ exceedance curves is an

indirect procedure and, although generally applied in the past, theoretically

not fully correct.

As part of the FAA Aging Aircraft Research Program, an extensive Flight Load

data acquisition program is being developed, whereby in a number of US civil

transport aircraft will be instrumented and a large number of flight load

parameters will be continuously recorded. These recordings will present a

considerable amount of statistical data on aspects like control surface usage

and loading but equally important will offer the opportunity to extend our

data base on gust experience at a very fast rate. In particular, the load

experience at low altitude can be determined with considerably more accuracy

than in our present study because from the continuous loads records due to

gusts and due to (banking) maneuvers can be separated. In addition, the

continuous data offers the opportunity to determine the intensity parameters

of the PSD-gust model in a more direct way. The procedure to be
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followed for this purpose can be described as follows: (a) From the

continuous airplane parameter time history record, calculate the

"instantaneous" RMS value for ∆nz, σ(∆nz) record. (b) Calculate the

instantaneous value of Ā. (c) Calculate the instantaneous value of σ(w) as

σ(w)=σ(∆nz)/Ā. (d) Determine values for P1,P2, and b1,b2 that give "best fit" to

the empirical σ(w) probability function tabulated from instantaneous σ(w)
values.

6. SUMMARY AND CONCLUSIONS.

1. Available European data sources on center of gravity acceleration

experience in commercial aircraft have been analysed and combined into

one data base.

2. This data base includes about 870,000 flights, 2 million flight hours,

and 1.6 billion kilometers flown.

3. Acceleration peak data were reduced towards discrete gust velocities Ude

and PSD related gust velocities (Uσ).

4. PSD-gust velocity exceedance data were further reduced to yield PSD-

gust intensity parameter values (P1,P2, b1,b2).

5. The results obtained show a considerably lower gust experience at

higher altitude than predicted by currently used statistical models.

At low altitudes, current data tend to confirm the older statistical

data.

6. Data about gust experience at low altitude (below 2,000 feet) are still

incomplete and biased by maneuver induced accelerations.

7. The planned FAA flight load measurements for US commercial transport

aircraft will provide additional and missing information and offer the

opportunity to get better information on PSD-gust intensity

distributions.
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TABLE 1. OVERVIEW OF ONERA FLIGHT LOAD DATA

Notes: Flight hours and flight duration
(1) refer to the block time.
(2) valid peaks/troughs with |∆nz|=>0.5 in data base.
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TABLE 6. ACMS DATA BASE—TIME AND DISTANCES WITHIN EACH ALTITUDE BAND
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TABLE 8. FATIGUEMETER DATA BASE—OVERVIEW OF DISTANCES AND FLIGHT HOURS
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TABLE 9. FATIGUEMETER DATA BASE—EXAMPLE OF HEADER FILE
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TABLE 10. FATIGUEMETER DATA BASE—CONVERSION OF LEVEL CROSSINGS TO
PEAKS/VALLEYS
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TABLE 12. DISTANCES FLOWN IN DIFFERENT ALTITUDE BANDS FOR THE THREE DATA
BASES
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TABLE 14. GEOMETRIC DATA—ONERA, ACMS, AND FATIGUEMETER DATA BASES
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TABLE 14. GEOMETRIC DATA—ONERA, ACMS, AND FATIGUEMETER DATA BASES
(Continued)
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TABLE 16. ONERA DATA BASE—Uσ-EXCEEDANCE DATA
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TABLE 17. ONERA DATA BASE—ESTIMATION OF FLIGHT DURATION
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TABLE 18. ONERA DATA BASE—ESTIMATION MISSION PROFILES
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TABLE 18. ONERA DATA BASE—ESTIMATION MISSION PROFILES (CONTINUED)
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TABLE 20. ACMS DATA BASE—Uσ-EXCEEDANCE DATA
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TABLE 22. FATIGUREMETER DATA BASE—Uσ-EXCEEDANCE DATA
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TABLE 23. UDE-EXCEEDANCES FOR THE COMBINED DATA BASE
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FIGURE 16. ESTIMATION OF PARAMETERS P1, P2 AND b1, b2 FROM
THE Uσ EXCEEDANCE CURVE
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APPENDIX A—SUMMARY OF REDUCTION PROCEDURES


1. REDUCTION OF ACCELERATIONS TO GUST VELOCITIES.


The classified acceleration peaks and valleys ∆nz are reduced to “derived gust 
velocities”, following a discrete gust approach and PSD-gust approach 
respectively: 

1.1 DISCRETE GUST.


Each single ∆nz is reduced to one “gust” Ude according to: 

∆nz
Ude = (A.1)
C 

ρ0VECLαwith: C = 
2 S mg 

• F(µg ) (A.2) 

.88 
where F(µg ) = 

5.3 +
µg 

µg (A.3) 

1.2 PSD-GUST.


Each single ∆nz is reduced to 
N0(0)ref “gusts” with magnitude Uσ, according to 

0N0( )

∆nz
Uσ = (A.4)
A 

with A =
ρ0V

S mg 
ECLα • F(PSD)

2 

1 

L 2

 Π 

11.8  c 3
where F(PSD)=  

g 

g 

110 µ+ 

µ
(A.6)
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2. DEFINITION OF ALTITUDE BANDS.


The altitude bands considered in the present analysis are the same as those

that will be considered in the analysis of the US Flight Load Data to be

gathered in the FAA Flight Loads Program. Note that these bands are slightly

different from those originally proposed in reference 1.


Altitude Bands (feet):


<1500

1500 - 4500

4500 - 9500

9500 - 14500

14500 - 19500

19500 - 24500

24500 - 29500

29500 - 34500

34500 - 39500


> 39500 -
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APPENDIX B CLα —CALCULATION FOR REDUCTION OF ACMS B-747 DATA 

CLα is calculated as a function of M, ρa2, CL and flap position 

CLα 
= 

 

CLα rig 

K  
+ ∆CLα flap 

1 + CLα rig ½ρa2M2KL − n 
 

 CL  

with, for the B-747 aircraft, KL = 1.23 x 10-4 (m2.N-1. degrees)

Kn = 0.31 (degrees)


where CLα rig is the following function of Mach number: 

M 

CLα rig 

(degree-1) 

0.30 

0.40 

0.50 

0.60 

0.70 

0.80 

0.85 

0.90 

0.087 

0.088 

0.090 

0.092 

0.093 

0.094 

0.101 

0.118 

In the configuration with flaps down the CLα value is considerably higher 
than with flaps up. To calculate the increase in lift curve slope as a 
function of flap angle the following table is used: 

Flap angle 

(degree) 
∆CLα flap 

(degree-1) 

0 

1 

5 

10 

20 

25 

30 

0.000 

0.005 

0.015 

0.017 

0.019 

0.020 

0.020 
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